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Reverberation Fluctuations from a Smooth Seafloor
Steve Stanic and Edgar G. Kennedy

Abstract- High-frequency shallow-water reverberation statis-
tics were measured from a smooth, sandy, featureless seafloor.
The reverberation statistics are presented as a function of source
frequency (20-180 kHz), grazing angle (30Q , 20', 9.5') and source
beamwidths (1.2'-2.75'). Generally, the reverberation statistics
did not follow a Ravleigh fading model. The model dependence
of the reverberation statistics exhibited a complex behavior that
ranged from near Gaussian to beyond log-normal. The results
show that stnall changes in the source frequency, grazing angles, N
and beamwidths caused large variations in the model dependence
of the reverberation statistics. Fie. 1. Schematic of insonified seafloor with .Y, and YV. surface and volume

scatterers.

I. INTRODUCTION

IGH-RESOLUTION rough-surface reverberation mea- theoretical RFII models and to PDF's measured for a coarse
surements have shown that in general, Rayleigh fading shell bottom during the Jacksonville experiments [13).

models do not provide an adequate description of rough- Fig. 1 shows acoustic energy incident on a surface area
surface clutter statistics. Rough surface reverberation mea- . that contains ,V surface scatters. In addition, the acoustic
surements made using high-resolution radars and sonars have ener.4 that penetrates into the sea floor is scattered by a

measured scattered envelope amplitude distributions that are variety of individual volume scatters ,'Vt.. For the monostatic
described bv Gaussian. Rayleigh, log-normal, Weibull or other backscattering case, the signal at the output of a receiving
more complex probability density functions (PDF) [11-[9]. sonar sensor is given by
High-resolution sonars have also been used to measure seafloor
reverberation [10], (I I]. et al. Boehme [12] and Stanic et al. 17 = Bi1V- exp [j(, - 2kri + 0j)]
[13] have shown that sea floor reverberation statistics also
show significant departures from Rayleigh fading models. In where 17 is the backscattering amplitude, 9i is the scattering
all cases, the scattering statistics have been shown to be highlv phase of the signal scattered from the ith scatterer, ri is the
dependent on sonar frequency and beamwidth. McDaniel range between the sonar receiving sensors and the ith scatterer,
has related Boehme's and Chotiros' [I 1), [123 results at 30 k = 27-/A is the acoustic wave number, and A is the acoustic
kHz to the measured bottom micro-roughness spectrum [14]. ~wave length, w is the angular frequency, -, is time, and Bi
Stanton [15] [16] has shown that the shape of the PDF is a system constant that accounts for system calibrations,
can provide a measure of the relative levels of coherent propagation losses, and other system related factors. If the

and incoherent scattering. Stanton has also related the PDF scatterers are independent, then the total reverberation field
shapes to estimates of bottom roughness, correlation lengths, due to the N8 and N, scatterers can be expressed as
and bottom microstructure. These results have all assumed N
that the seafloor returns were not contaminated by scattering V = Z Bi exp 'j i
from subsurface volume scatterers. Alexandrou et a0. [17] z=1
have compared reverberation PDF's generated by point scatter where 4)i =u;r - 2kri + Oi and N is the total number of
model simulations with sea beam reverberation data. This scatterers.
comparison lead to identifying acoustic signatures to be used This total reverberation field will in general fluctuate around
in seafloor classification. some mean value. It is the PDF of these fluctuations that iden-

This paper presents high-resolution seafloor reverberation tify the noise models against which target detection algorithms
statistics as a function of frequency (20-180kHz), grazing must operate. For example, a processor optimized for Rayleigh
angle (300, 200, 9.50) or equivalent range intervals (lengths noise would perform poorly when operating against a non-
of insonified bottom area at the -3-dB points), and system Rayleigh noise. The probability of false alarn (PFA), defined

Manuscript received August I. 1991; revised December 1. 1992. This work as one minus the cumulative distribution function, can also be
-as supported by the Office of Naval Technology, Program Element 62435N, used to characterize reverberation fluctuations. The PFA is a
and by the Office of Naval Research, Program Element 61153N. through the more sensitive measure of the differences in the tails of various
NOARL Defense Research Sciences Program. This paper is NRL Contribution PDF's than the cumulative distribution function.
243:055:91.

The authors are with the Naval Research Laboratory, Stennis Space Center. The PFA for a Rayleigh PDF is given by [18]
NIS 39529-Moo-t.

IEEE Log Number 9207375. PFA(y) = exp(-10YD°).
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TABLE I
SOURCE BEA.M\VIDTHS AS A FuNCTIOX OF FREQUF.WCY

Frequency kHz Beamwidth (-3 dB)

20 2.50
4 0 2.00

250-kHz source 60 1.50

90/NB (Narrowbcarn) 1.20

90/%BV(Widebcam) 2.750

110 2.20
450-kHz sourcei• ,:•.. .. :, : • ; -. '::150 2.0"

ISO 2.00

Fie. 2. Boiom phoeraph shoking the smooth featureless seafloor. TABLE 11
HORIZONTAL RANGE INTERVALS AS A FIUNCTIO. OF GRAZING

ANGLE AND WIDEST SOURCE BEAMWIDTH tu-kHZ SOURCE)

For a log normal distribution the PFA is given by [19] Grazin Frequencv -3 dB Horizontl Horizonul

anete kHz beann idh ranie rnge/-3)/C) dq interval interval
PFA(y) ] p Cnumber length (m)

302 90 2.73 1 12.4-13.9t--

where 3 is calculated from 200 *90 2.750 It 19.4-22.5

9.50 90 2.750 III 39.5-53.2
S- [ o ,ioep [-((y -

Table II shows the horizontal range intervals for the widest
oa is defined as the standard deviation, source beamwidth (450 kHz) at each grazing angle.

The PFA for a Gaussian PDF can be expressed as [20) For each experimental configuration, reverberation data

were taken for about 3 minutes using 5-ms long continuous

PEA (y) = erfc wave (cw,) pulses transmitted at 1-s intervals. Since the re-
verberation data were taken using sonars mounted on a stable

w%-here m is the signal mean. o" the standard deviation, and platform. any ping-to-ping envelope amplitude variations were
erfc the error function. caused by fluctuations in the structure of the water column.

These fluctuations caused changes in the size and position of
the insonified areas. This introduced a random component into

11. EXPERIMENTAL MEASUREMENTS the reverberation envelopes that increased with range.
A series of high-resolution bottom reverberation measure-

ments were made in an area 19 miles south of Panama
City, FL. The seafloor in this area was smooth, with only Ill. AMPLITUDE STATISTICS

small shell fragments spatially distributed in the sand. Fig. 2 The data taken at each experiment configuration were tested
is a photograph of the sea floor. A detailed experimental for stationarity using the Mann-Whitney test [231. This test is a
description of the measurement area is given in Stanic et al. nonparametric test that can be used to determine if data points
[21]. form part of a locally stationary sequence on a ping-to-ping

Bottom reverberation measurements were made using basis. For each experimental configuration 3000 samples were
NRL's stable acoustic measurement system [22]. The acoustic used to calculate the PDF's of the reverberation amplitude
measurements were made using a pair of nonlinear parametric envelopes. For a two tailed test at a = 0.05, i.e., 95%
sources and a two-dimensional 12-hydrophone spatial array. confidence level, the test statistic (Z,) must be less than 1.96
Source beamwidth as a function of frequency for the 250- in order for the data points to be considered as coming from the
kHz and 450-kHz sources operating parametrically are shown same population and density function. Table Ill shows the first
in Table I. Data from the receiving hydrophone located 20 test statistics at selected frequencies and range intervals.
at the center of the receiving anray were processed using At these and all other frequencies and range intervals, Z,, was
a high-speed computer automated measurement and control less than 1.96.
system (CAMAC). The data were complex base banded to The reverberation distribution functions were normalized so
5 kHz, digitized at 20 kHz and recorded on a high-speed as to have a mean of one and plotted as the probability of
parallel transfer disk. Individual reverberation envelopes were false alarms (PFA). These results are compared to theoretical
calculated and the results recorded on optical disks. At each Rayleigh and log-normal distributions with standard deviations
grazing angle, the source frequency was varied between 20 of 5.57 dB [24] and to a Gaussian distribution with a mean
and 180 kHz, thus. the areas insonified by the 450-kHz source of zero and a standard deviation of one. Fig. 3 shows PFA
always contained the areas insonified by the 250-kHz source. curves as a function of frequency (180, 150, 110, and 90
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TABLE III
MANN.W-\HITNEY TEST STATISTICS (Z,,) FOR " " 9!0'4&"

SELECTED P' EQCUENCIES AND RANGE INTERVALS I "

Frequency ISO kHz Range Frequency 90 kHz/VB Range I
Interval I Interval It -2

ZI= 0.19647. Z, = 0.03524 -3 CLSA/4

22 = 0 .0999 6 Z 2  = 0 .10571 t" - . ,

Z =0.03792 Z= 0.11746 -1
Z4 = 0.09307 Z4 = 0.1996S

Zs = 0.34124 Z5 = 0.0117-5
Z.3 = 0.05170 Z( = 0.2936.5 .

Z- = 0.46S44 Z- = 0.10571

Z = 0.25S52 ZS = 0.03524

Z9 = 0.01034 Z9 = 0.0469S I

Z10 = 0.3205, Z10 = 0.06222 , u

S=o0.53427 Z =0.16 =/ 0.11'7
Z -2 = 0.22405 Z 12 = 0.09397 -T2 i IS.

Z j = 0.15511 Z13 = 0.03.524 -: I 2 S -'%5- .-31

Z14 = 0.51359 Z14 = 0.14095

Z21 = 0.4-9291 Z15 = 0.04698 Fig. 3. Probability of false alarms as a function of frequency and range
-inter als.

Zl = 0.27920 Z2G = 0.17619 r

Z. = 0.62361 ZI = 0.04695

ZjQ = 0.74109 Zls = 0.02349 LO "S. . .

29 = 0.72730 Z19 = 0.2231S V
Frequency 60 kHz Range Interval Frequency 20 kHzRange Interval

ZI= 0.17274 ZI= 0.50212
Z2 = 0.00459 Z2 = 0.4S013 ,I .a

Z3 = 0.19S65 Z3 = 0.11362 * -'

Z4 = 0.0-5910 Z4 = 0.35307 7-_ __._ __ _ _Z5 = 0.3S003 Z5 = 0.26022 :r .t ,.•,•'' •o

Z6 = 0.12092 Z ; = 0.11362 •2 - -,z

Z7= 0.30229 Z7 = 0.20691 ,

=Q 0.50095 2Z = 0.006 11- rI
"r /II I'

=9 0.3.3654 Z9 = 02.15S3 II~

Zio = 0.10364 Z10 = 0.47.524 .

Z 001727 Z11 = 0.22113 '.,,~ _-o , ,.., _o, , r.X4'/ )
Z= 0.00864 ZI.2 = 0.04276 ' /1

Z13 = 0.06910 Z13 = 0.0SIS5 0* .' - - 1 1i: 3

Z= 0.16410 Z1- = 0.17470

Z13 = 0.00000 Z15 = 0.44S36 Fig. 4. Probability of false alarms as a function of frequency and range

Z = 0.25047' ZIG = 0.40194 intervals.

Z= 0.0431S Z 1 = 0.23334

Z = 0.06046 Zlz = 0.12339 It tended to follow a Rayleigh model. At range intervals I
Z1 =0.1122S Z19 = 0.20402 and III the 90-kHz/NB data tended to follow PFAs that were

characteristic of high-2round cluttcr. At 60, 40, and 20 kl-Iz the

kHzAVB) and rance interval for the data taken using the data at all range intervals showed significant departure from
4-kHz sourcne int he data tt1,1 ,aend 90 h all chosen theoretical PFA models. Only at 60 kHz and for450-kHz source. The data at 180, 150, 110, and 90 kHzets B probability of false alarms less than -I did the data tend to
and at all ranee intervals showed significant departures from follow a Gaussian curve. These results are also summarized
Gaussian, Rayleigh, and log-normal models. At range intervalC - in Table IV.
[if the data at 150, 110, and 90 kHzAVB tended to follow
a PFA other than log-normal. At range interval II the 180
and 150 kHz data tended more toward Gaussian than did the lV. BEAMWIDTH DEPENDENCE
same data at range interval I. Only at 90 kHzAVB did the data Fig. 5 shows the PFA dependence on system beamwidth
show a sequential model dependence with increasing range and range intervals at 90 kHz. The data were taken using
interval.The PFA curves at 90 kHzdNB, 60, 40, and 20 kHz the 450-kHz and 250-kHz source transmitting parametrically
are shown in Fig. 4. These data were taken using the 250-kHz at 90 kHz with a beamwidth of 2.750 (WB) and 1.20 (NB)
parametric source. The data at 90 kHz/iNB and range interval respectively. At range interval I, the steepest grazing angle,
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TABLE IV 0
PFA MODEL TENDE.N;CY AS A FuNC"ION OF RANGE INTERVAL AND FREQUENCY C

R ange Interval I - ,- "LOGNO .

Mlodel Gaussian Between Rayleigh Between log- Greater - \
Gauss- Rayleigh normal thant
ian and and log-
Rayleigh log- normal .j

normal GXSS -- •

Freq- " wi .

kHz RALEH /\IS '
IN~E6 V '.

150 X ... .... . . . .

110 X RANGEI IO X •" INT ERVAl. II \ ,

2 I
90WB X L1

90NB X -1

60 X
40 X -oo ., Iw•
20 X GkZSSAN//.A. N % ".

Range Intcrval 11 _ __ - • '

Model Gaussian Between Rayleigh Between log- Greater
Gauss- Rayleigh normal than I--- •,GNt• A.LA

ian and and log- RAN G•E~tR

Rayleigh log- normal -,

,______ normal _______..

Freq- 2 r

kHz _w.

180 X i -r,
150 X C2St\ Ns" Wo

110 X9~oB xx -,~G.90\VIB X - •. . v .,

90NB X "-s -I? -t 0 6 12 IS

60 K Z'AIO AK .4 ~i~Nn
40 X Fig. 5. Probability of false alarms as a function of system beamwidth of

20 X 90 kHz.

Range Interval Ill TABLE V
R e e -PFA NMODEL TENDENCY AS A Ft'.NCTItoN OF RAN•GES

Model Gaussian Between Rayleigh Between log- Greater INTERVAL AND SOURCE BEA.,WIDT. T 90 kHz

Gauss- Rayleigh normal than
ian and and los- Model Gaussian Between Rayleigh Between log- Greater
Raylcigh log- normal Gauss- Revleigh normal than

normal ian and and log-
-- Rayleigh log- normal

Freq- normal

180 X Rance

150 
X

I W3 NB1l0 X II NB WB90WB X IV NB,
90NB X \\'B

60 X

40 X V. DIscuSSION

20 X
The results presented in this paper show that reverberation

fluctuations measured from a sandy sea floor exhibit large
the 90 kHz (WB) data tend to lie between a Gaussian and PFA variations. Even so, this area was in general considered
log-normal curve, depending on the value of PFA. The NB smooth (non-resolvable topographical features). Changes in
data tended to follow a model other than a high-clutter log- the size and location of the insonified area resulted in large
normal model. At range interval 11, both the WB and NB data variations in the model dependence of the bottom reverberation
tended to converge on the Rayleigh curve. At range interval statistics as a function of frequency, range interval, and system
1I1, both the WB and NB data showed significant departures beamwvidth.
from a log-normal curve. These results are also summarized The reverberation statistics measured from this sandy area
in Table V. had different model, frequency, and range interval dependen-
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cie& than the reverberation statistics measured from the Shell [101 D. Marandinio. o, rqec reverberation measurements with an

covered aria off Jacksonville, FL [13]. At the Jacksonville activated to~~ed array: Scattering strengths and statistics." SACLAMT
Center Repi. SR-Il?. 19S7.

site,.dita taken at 1S0, 150, and 110 kHz and at range fill] N. P. Chotiros. H. Boehme. T. G. Goldsberry, S. P. Piui, R. A. Lamb, A.

interval I tended to lie between Gaussian and Rayleigh PFAs. L. Garcia, and R. A. Altenburg. "Acoustic backscatter at low grazing

The Panama City data taken at the same frequencies and angles from the ocean bottom. Pan It- Statistical characteristics of
boitom back-scattar at a shallow water site." J. Acoust. Soc. Ant.. vol.

similar range intervals had a different model dependence. At 77 pp. 975-9S2, 1985.

frequencies at ) S0, 150, and 1 10 kHz, the model dependence (12) H. Boehme and N. P. Chotiros. "Acoustic backscattering at tow grazing
ancles fromn the ocean bottomt." J. Acoust. Soc. Ani.. vot. 84, pp.

at range interval II wvas betweeni Gaussian and Rayleigh. IOIS8-m02. I9S8.

A comparison of the Panama City and Jacksonville PFA' 1 13] S. Stanic and E. Kennedy, "Fluctuation~s of high-frequency shallow-

at 90, 60,'40, and 20 kHz showed that (he Panama City v\atcr seciiloor rcverberation.- J. Acoust. Soc. Ami., vol. 91, pp.
datawassprad etwen ausianandlognoralwhie ' 1967-197/35. 1992.

datawassprad em-en Gussan nd lg-nrma, wilethe [141 S. T. NicDanicl. -*Seafloor revesberation fluctuations,*' J. Acotist. Soc.
Jacksonville data wvas in genetal spread between Rayleigh and Am~n.. \ol. SS. pp. 1510-1535. 1990.

PFA's that were characteristics of a clutter environment that [151 T. K. Stanton. "Echto fluctuations from t~he rougn sea floor: Predictions
was i~ficrthi tha ofa ]R nrma PFA Fo th Paama based o'n aco , ýicjlly mteasured micro-relief properies,"* L Acoust. Soc.
was iehr thn tat f a og orma PF. Fr th Paama.*. \01, -I. pp. 715-121, 1985.

City data, only one PFA curve tended to followk a Rayleigh 116] T. K. Stanton. *Sknar estimiates of seafloor micro-roughness. J. Acoust.

model: 90 kHzINB at rance interval 11. Soc. Am.. ' 7l.75. pp. S09-81S. 198".
[I',] D. Ale.\androu. C. de Moustier. and G. Haralbus. 'Evaluation and

For the Panama City, Jacksonville, and all other reported verification of bottom acoustic reverberazion statistics predicted byý the
bottom reverberation data. it is assutmed that the reverberation point scatmrn model," J. Acoust. Soc. Amn., \ol. 91, pp. 1403-1413,

was caused by scatterers located on the sea floor surface. [I ) 992.-
11)R. V. Waterhouse. 'Statistical propenies of reverberant sound fields," 1.

Recently, Boyle and Chotiros [25] have shown that ev-en Aco:ust. Soc. A.,n. vol. 43. pp. 1416-141441. 196S.

at ancles belowv cr-itical a considet-able amount of acoustic [19] MI. L. BowA 1lwhcniarical Meliods in the Phyvsical Sciences. New
enery ca petetrte te sa flor sdimnt. he citial agle 20]York: W\i~ev. SS
enery cn pnetrte he ea foorsedment Th crtica anle 20,C. NN.. Hels:woni. Probat'ili,-% and Ssochcsuic Processes for Enginee s.

for the Jacksonville data wvas 260. Thus. the reverberation New York: MacMillan. I9SS.
statistics must be a function of both sutface and volumec 121] S. Stanic. K. B. Briggs. P. FEischer, R. 1. Ray . and W. B. Sawyer,

*Sha!lo-x-v-wttr hich-frequency bottomi scattefin2 off Panama City,
scatterer distributions. These scatterers canl have a larg-e rantze Florida."J iA oust. Soc. Ain.. vocl. 83. pp. 213-'2 144, 19SS.
of sizes, somec distributed randomly and others distributed in 122] S. Stanic. P. Flis;cher, K. B. Brigcs. MI. P. Richardson, and B.

Eckstein. High-trequency, acoustic bott.om scat:ering exsperiments, Part
all types of uneven and patch)' configurations. In addition, their l-nru tttonndmho. ORLe.7.19.

scattering facets can be oriented at all angles wvith respect to 123], j. H. zar. Bioc tisrical.4nabIsis. Enelewood Cliffs. NJ: Prentice-Halt,
the maximum response axes of the sonar system. Because of 19S7. frtn-ag cutcpoaaini

thsconlxiv n uretthoyca omltlydscie [2-4] G. V. Frisk. tIntensity statistics frln-ag cutcpoaaini
thiscomlexiy, ~a, urrnt teor cal coipleelydescibe the oceart. J. Acousi.'Soc. .4m~.. \ol. 64.7 pp. 2ý57-259. 1978.

the effects of the various scatterer distributions on the model [25] F. A. Boy le ?nd HI. P. Chotiros. "Experimentat detection of a slow wave

dependence of the reverberation statistics. The authors wvill in sediment nt shallow scrazing angles,'* ARL-TR-9)-l4. May 1991.

attempt to address somec of these questions with data taken
during a series of scallci-ing experiments scheduled for the
Gulf of Mlexico in August 1993.
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